A L-xylanase (XynIII) of Acrophialophora nainiana was purified to homogeneity from the culture supernatant by ultrafiltration and a combination of ion exchange and gel filtration chromatographic methods. It was optimally active at 55 ‡C and pH 6.5. XynIII had molecular masses of 27.5 and 54 kDa, as estimated by gel filtration and sodium dodecyl sulfate^polyacrylamide gel electrophoresis, respectively. The purified enzyme hydrolyzed preferentially xylan as the substrate. The half-lives of XynIII at 50 and 60 ‡C were 96 and 1 h, respectively. It was activated by L-tryptophan, dithiothreitol, 5,5-dithio-bis(2-nitrobenzoic acid, L-cysteine and L-mercaptoethanol and strongly inhibited by N-bromosuccinimide. The presence of carbohydrate was detected in the pure XynIII.
Introduction
Xylan is the second most abundant natural polysaccharide after cellulose in both hardwoods and softwoods [1, 2] . L-D-Xylanases (EC 3.2.1.8) and side-chain enzymes are required for an e⁄cient breaking down of xylan to fermentable sugar or oligosaccharides [3, 4] . Side-chain enzymes remove substituents that are attached at various points on xylan, creating more sites for subsequent enzymatic hydrolysis of xylan [5] . Given that xylan represents the major hemicellulosic component from lignocellulosic biomass, xylan-degrading enzymes are produced by a wide variety of microorganisms, including fungi [5] . The thermotolerant fungus Acrophialophora nainiana was reported to be a good producer of xylanases when grown on lignocellulosic and xylan as the substrates [6] . The most signi¢cant e¡ect of a cellulase-free crude enzyme preparation from A. nainiana on pulp bleaching was on the deligni¢cation of kraft pulp and reduction of the pulp viscosity [7] . Recently, two xylanases from A. nainiana, XynI and XynII, were puri¢ed and characterized, XynI being used in pulp bleaching [8, 9] . Both enzymes were thermostable, devoid of cellulase activity and highly speci¢c to xylan as the substrate. In this present work, we describe the puri¢cation and characterization of a new xylanase (XynIII) from A. nainiana.
Materials and methods

Growth conditions
A. nainiana was grown at 40 ‡C for 7 days with rotary shaking (100 rpm) in 1-l Erlenmeyer £asks containing 300 ml of medium. Liquid cultures were inoculated with 1.0U10 4 spores ml 31 from a 7-day-old culture. The composition of the medium (w/v) was as follows : 1.0% oat spelt xylan, 0.7% KH 2 PO 4 , 0.2% K 2 HPO 4 , 0.05% MgSO 4 .7H 2 O, 0.1% (NH 4 ) 2 SO 4 , and 0.06% yeast extract. The mycelial biomass was removed by ¢ltration through Whatman No. 1 ¢lter paper. The resulting culture ¢ltrate, hereafter called the crude extract, was used as a source of xylanase activity.
Assays
Cereal xylan (oat spelt) was used as the substrate for E-mail address : eximenes@unb.br (E.X.F. Filho).
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www.fems-microbiology.org xylanase activity. Xylan (1 g) was previously treated with 20 ml of 1.0 M NaOH and 20 ml of 1.0 M HCl, and the volume was brought to 100 ml with 50 mM sodium acetate bu¡er, pH 5.0, followed by stirring for 1 h at 25 ‡C. The insoluble xylan was removed by centrifugation for 20 min in a bench top instrument and the soluble fraction was used for xylanase assay. Xylanase activity was routinely determined by mixing 50 Wl of enzyme solution with 100 Wl of soluble oat spelt xylan in 50 mM sodium acetate bu¡er, pH 5.0, at 50 ‡C for 30 min. The release of reducing sugar was measured using the dinitrosalicylic reagent method [10] . Xylose was used as the standard. Xylanase activity was expressed as Wmol of reducing sugar formed min 31 ml 31 enzyme solution, i.e. as IU ml 31 . Cellulase, L-xylosidase, L-glucosidase, K-arabinofuranosidase and L-mannosidase assays were performed as reported elsewhere [11] . L-Mannanase assay was carried out as described above using galactomannan as the substrate. Protein concentration was quanti¢ed by the Bradford method [12] using bovine serum albumin as the standard. For the kinetic experiments, the substrates were used at concentration ranges of 1.0^20 mg ml 31 (soluble oat spelt xylan), 3.33^40 mg ml 31 (insoluble oat spelt xylan), 1.33^13.33 mg ml 31 (soluble and insoluble birchwood xylans). They were prepared as described by Filho et al. [13] . K m and V max values were estimated from the Michaelis^Menten equation with a non-linear regression data analysis program [14] . The e¡ect of temperature on the activity of XynIII was determined by performing the standard xylanase assay at a temperature range of 30^80 ‡C. The e¡ect of pH was measured using the following bu¡ers: 50 mM glycine^HCl (2.2^2.6) ; 50 mM sodium acetate (3.0^6.0); 50 mM sodium phosphate (6.0^7.5). All bu¡er systems were adjusted to the same ionic strength with NaCl. Temperature stability was determined by pre-incubating the enzyme sample at 50 ‡C or 60 ‡C. At various time periods, aliquots were withdrawn and the residual activity was measured under standard conditions. The e¡ect of some reagents at 10 mM (N-bromosuccinimide (NBS), iodoacetamide, 1-ethyl-3-(3-dimethylamino-propyl) carbodiimide (EDC), diethyl pyrocarbonate (DEPC), N-ethylmaleimide (NEM), 2,2-dithiodipyridine, dithiothreitol (DTT) and 5,5-dithio-bis(2-nitrobenzoic acid) (DTNB)) and 20 mM (L-cysteine, L-mercaptoethanol and L-tryptophan) ¢nal concentrations on the XynIII activity was determined by performing the assay under the same conditions as described above. The assay were repeated at least three times.
Enzyme puri¢cation
All puri¢cation steps were carried out at 4 ‡C unless otherwise speci¢ed. The crude extract was concentrated by ultra¢ltration using an Amicon system with a 10-kDa cut-o¡ point membrane. The retentate was applied sequentially to DEAE-Sepharose (2.5U8.0 cm) and Q-Sepharose (2.5U9.0 cm) columns pre-equilibrated with 50 mM sodium phosphate bu¡er, pH 7.0. The columns were washed with the same bu¡er and eluted with a linear gradient of NaCl (0^1 M). Fractions of 5.0 ml were collected at a £ow rate of 60 ml h 31 . The fractions containing the highest xylanase activity were pooled from successive runs and fractionated by gel ¢ltration chromatography in a Sephacryl S-100 column (2.5U90 cm) equilibrated with 50 mM sodium acetate bu¡er at a £ow rate of 20 ml h 31 . Fractions of 5.0 ml with xylanase activity were pooled, concentrated by ultra¢ltration and stored for later use at 4 ‡C.
Electrophoresis
Sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) was carried out on 12% gels according to Laemmli [15] . After electrophoresis, the protein bands were silver stained by the method of Blum et al. [16] . Low molecular mass standards from Sigma (USA) were used as size markers. XynI activity was detected using a zymogram technique with 1% oat spelt xylan as the substrate [17] . An SDS^PAGE gel (12%) was stained for xylanase activity in a Congo red solution (0.1%) for 30 min at room temperature and washed with 1 M NaCl to remove excess dye and ¢xed with 0.5% acetic acid.
Molecular mass determination by gel ¢ltration
The molecular mass of XynIII was also estimated by gel ¢ltration using a molecular mass marker kit from Amersham Pharmacia Biotech (USA). The gel ¢ltration chromatography was performed in a Sephacryl S-100 (2.5U64 cm) column equilibrated with 50 mM sodium phosphate bu¡er, pH 7.0, at a £ow rate of 16 ml h 31 and a fraction size of 4.0 ml.
Incubation of XynIII with glycosidases
The incubation of XynIII with some glycosidases (HEXase I, GALase III, PNPGase F, NANase II and O-glycosidase DS) was carried out as described in the Deglycosylation Enhancement Kit (Bio-Rad Laboratories, CA, USA).
Carbohydrate determination
The carbohydrate content of XynIII was determined by the Dubois method [18] using glucose as the standard.
Chemicals
Galactomannan from locust bean gum, oat spelt xylan, 
Results and discussion
The xylanolytic system produced by A. nainiana was fractionated by ultra¢ltration using a 10-kDa cut-o¡ point membrane. Most of the xylanase activity was found in the ultra¢ltrate, while a small percentage of xylanase activity was detected in the retentate and used for subsequent puri¢cation of XynIII. In contrast to XynIII, XynI was isolated and puri¢ed from the ultra¢ltrate [9] . XynIII was puri¢ed by a four-step chromatography procedure. Two peaks of protein co-eluted with xylanase activity were detected by DEAE-Sepharose chromatography (Fig. 1) . The second protein peak was eluted after application of salt gradient. The ¢rst peak, representing the major portion of xylanase activity, was further puri¢ed. The elution pro¢le on Q-Sepharose resulted in only one pool of xylanase activity which eluted in the second protein peak (Fig. 2) . The xylanase Q-Sepharose fraction was applied to gel ¢l-tration chromatography on Sephacryl S-100 (result not shown). One peak of xylanase activity was observed, and it was designated XynIII. However, SDS^PAGE of the XynIII sample showed a main band of 54 kDa and some minor protein bands (result not shown). The further puri¢cation of XynIII by rechromatography on a Q-Sepharose column showed that it was successfully separated from other minor protein contaminants (result not shown). SDS^PAGE of XynIII showed one protein band with a molecular mass of 54 kDa (result not shown), while XynI and XynII had molecular masses of 17 and 22.16 kDa, respectively [8, 9] . The molecular mass of XynIII was also estimated by gel ¢ltration chromatography on a Sephacryl S-300 column (result not shown). However, the apparent molecular mass was 27.5 kDa, suggesting that the enzyme interacted with the resin [11] . The same result was obtained for L-xylanase of Penicillium capsulatum, K-arabinofuranosidase of Trichoderma reesei and L-xylosidase of Trichoderma harzianum [11, 13, 19] . Zymogram analysis of the XynIII sample showed a single band of protein coincident with a positive stain for xylanase activity (result not show). The overall level of recovery and fold puri¢cation of XynIII were 19.78% and 22.12, respectively ( Table 1) . The low yield value was mainly due to the loss of enzyme activity in the ultra¢ltration step. Most of the xylanase activity (66.5%) permeated the ultra¢ltration membrane. However, XynIII was only present in the retentate. Since the xylanases that act synergistically with XynIII, especially XynI and XynII, were removed during the ultra¢l-tration step, the yield and fold puri¢cation were underestimated.
The puri¢ed XynIII was assayed positively for the presence of carbohydrate by the Dubois method [18] . However, it was not clear whether the carbohydrate detected was non-covalently or covalently bound material or if it was impurity in the enzyme solution [1, 2, 13] . Besides, digestion of XynIII with glycosidases (PNPGase F, NANAse II, GALase III, HEXase I and O-glycosidase DS) followed by denaturing and non-denaturing PAGE resulted in a change of its electrophoretic mobility (results not shown). The retarded migration of XynIII in the gel ¢ltration chromatography (Sephacryl S-300) could be attributed to the e¡ect of its carbohydrate-associated structure.
XynIII exhibited a maximal activity at 55^60 ‡C, however, with a rapid decline at 65 ‡C. Like XynI, the enzyme was most active at pH 6.5 with a steady and gradual decline of its activity. At pH values of 4.0 and 8.5, the activity was 50% of the optimum value. XynIII was stable at 50 and 60 ‡C. It had better thermostability at 50 ‡C, retaining 50% of its activity up to 120 h of incubation. Contrary to XynII, XynIII was more stable at 60 ‡C with a half-life of 2 h.
The puri¢ed XynIII was devoid of measurable cellulase activity. It acted only on oat spelt and birchwood xylans as the substrates, being a potential candidate for application in pulp bleaching, whereas application of xylanases in pulp and paper industry requires a cellulase-free activity [1, 20] . Other A. nainiana xylanases (XynI and XynII) did show the same substrate speci¢city [8, 9] .
Kinetics of XynIII over soluble and insoluble xylans were according to the Michaelis^Menten model (results not shown). The data presented in Table 2 showed that XynIII had more a⁄nity for soluble oat spelt and birchwood xylans than the insoluble form of the substrates. The K m values for xylanases from T. reesei were lowest with acetylated glucuronoxylan [21] . According to Coughlan et al. [5] , the presence of a particular type of substituent in the xylan structure would be a requirement for the action of some xylanases. It may be noted that the K cat value for soluble oat spelt xylan as the substrate is greater than those for soluble birchwood and insoluble xylans. On the other hand, K cat K 31 m (catalytic speci¢city) was highest with soluble birchwood xylan. In conclusion, XynIII preferred the soluble xylans as substrate.
The in£uence of various reagents on XynIII activity was investigated ( Table 3 ). The enzyme activity was 93% inhibited by NBS, an L-tryptophan modi¢er. L-Tryptophan is reported to be involved in maintaining the integrity of the active site [8] . The failure of DEPC and EDC to activate XynIII rule out the involvement of histidine and carboxyl groups in binding or catalysis [13] . The treatment of XynIII with DTNB, L-mercaptoethanol, L-cysteine and DTT activated the enzyme activity, suggesting an in£uence of L-cysteine in the catalysis of xylan. These results corroborate the ¢ndings on the xylanases from P. capsulatum, Clostridium absonum and T. harzianum [13, 22, 23] . However, treatment with other thiol inhibitors (iodoacetamide, NEM and 2,2-dithiodipyridine) had no remarkable e¡ects on XynIII activity, indicating that no reactive L-cysteine residues were present in the active site or, if present, were inaccessible to the reagents [13, 24] .
Comparison of some physicochemical properties of XynIII and xylanases from other microorganisms are listed in Table 4 . Such enzymes had optimal activity at temperatures varying from 45 to 65 ‡C and pH values between 4.5 and 7.0. They also di¡ered in their thermostability, K m and molecular mass values. The next step in our work will be to determine the N-terminal sequence of XynIII. While the XynI did not show a signi¢cant sequence identity with other xylanases, XynII presented identity with the N-terminal region of a xylanase from Bacillus pumilus grouped in family G/11 [8, 9] . The role of XynIII in pulp bleaching and its mechanism of xylan hydrolysis will also be considered. 
